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Abstract 
Mono- and double-layer porous scaffolds were successfully fabricated using ball-milled 
agglomerates of Ti and Ti–10Nb–3Mo alloy. For selectively controlling the level of porosity 
and pore size, the agglomerates were sieved into two different size fractions of 100−300 μm 
and 300−500 μm. Compressive mechanical properties were measured on a series of 
cylindrical sintered compacts with different ratios of solid core diameter to porous layer 
width. The graded porous scaffolds exhibited stress–strain curves typical for metallic foams 
with a defined plateau region after yielding. The compressive strengths and elastic moduli 
ranged from 300 to 700 MPa and 14 to 55 GPa, respectively, depending on the core diameter 
and the material used. The obtained properties make these materials suitable for load-bearing 
implant applications. 
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1. Introduction 
Traditional metallic bone implants are dense and often suffer from issues such as 
biomechanical mismatch (due to high elastic modulus), inadequate biocompatibility, and lack 
of sufficient space for new bone tissue to grow into the implant [1]. A promising solution to 
this problem is to use implants with a porous structure. By introducing porosity, the elastic 
modulus of the implant is significantly reduced to better match that of the human bone, which 
can alleviate the effect of stress shielding at the bone interface. Furthermore, a porous 
scaffold can provide structural support for bone ingrowth to achieve durable biological 
fixation [2]. An interconnected porous structure promotes vascularisation and provides 
adequate support for cell proliferation and bone formation into the pores as well as supplying 
nutrients to developing tissue. 
Despite the aforementioned advantages, fully porous structures have inadequate 
biomechanical strength to withstand physiological loads [3]. To address this problem, the 
fabrication of implants consisting of monolithic solid cores with a porous surface has been 
studied and developed over the last few decades [4-9]. The level of porosity can be graded 
from a highly porous surface to a solid core, giving the component suitable strength to 
withstand physiological loadings while having a porous surface layer to allow ingrowth of 
cells and transportation of nutrients and waste products. Dewidar and Lim [5] fabricated Ti–
6Al–4V implants with an outer porous layer comprising different surface porosity levels and 
a solid inner core using a powder metallurgy method. They obtained 270 MPa compressive 
yield strength with a core size of 12 mm, and 30% porosity in the outer shell via a space 
holder technique. In another study, Zhang et al. [8] synthesized NiTi shape memory alloys 
with a designed gradient porosity using a space holder method. Higher porosity and pore size 
(61%, 433 μm, respectively) were obtained for the outer layer than the inner core (20% and 
84 μm, respectively); and the corresponding compressive stress reached 230 MPa. 
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Several studies have reported using the space holder method for manufacturing porous 
metallic structures, in particular, Ti-based materials [10-14]. There are also some research 
studies on the fabrication of graded foam structures via space holder and sintering method 
using different metal powders [4, 5, 8]. The main drawback of this method is the need to 
remove large amounts of organic or inorganic space-holder material from the parts during the 
sintering process [15]. Care should be taken for slow removal of the space holder materials to 
prevent collapsing and distortion of the powder compact. Moreover, hydrogen, oxygen and 
nitrogen present in these materials dissolve in titanium (Ti) or Ti alloys and cause 
contamination as temperature is increased during sintering, which adversely affect the 
mechanical properties [16]. Additionally the decomposition of polymeric or carbonate space 
holder materials during sintering may release environmentally harmful gases [17].  
One of the major challenges in the fabrication of metallic products using mechanical 
alloying/milling is the agglomeration of powder particles. Agglomeration of particles is 
caused by attractive forces that include hydrogen bonds, van der Waals force, Coulomb force 
and physical friction between particles [18]. With decreasing particle size during mechanical 
alloying/milling, attractive forces increase, leading to enhanced agglomeration of particles. 
Agglomerated particles form apparent particles, which are called 'agglomerates'. 
Agglomerates consist of the initial particles, called 'primary particles'. Agglomerates do not 
allow for homogenous packing of particles, thereby resulting in higher porosity of the final 
sintered parts. Typically, the milling process conditions for powder metallurgy applications 
are set-up to avoid the formation of agglomerates. Since the size of the pores that results from 
agglomerated particles being compacted and sintered depends on the size of the 
agglomerates, it is proposed that agglomerated particles with varying size can be selectively 
used as the basis for developing a graded porous structure. This method is potentially suitable 
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for the easy and cost-effective preparation of porous materials with relatively large pores and 
open porosity. 
The aim of this study is to investigate the fabrication of graded porous structures using 
agglomerated particles of Ti and Ti–10Nb–3Mo alloy. The rationale for selection of the alloy 
compositions was given previously [19] based on their suitability for implant applications. 
The cylindrical structures were designed with a solid inner core and porous outer layers so as 
to achieve the dual objective of a high compressive strength and space for bone ingrowth and 
mechanical interlocking between the implant and bone.  
2. Materials and methods 
Elemental metal powders of Ti (purity 99.7%, ≤45 µm), Nb (purity 99.99%, ≤45 µm) and Mo 
(purity 99.99%, ≤10 µm) (Atlantic Equipment Engineers) were used for the synthesis of Ti 
and Ti-10Nb-3Mo (wt.%, hereafter) alloy agglomerates. Powders were ball milled for 5 h at 
room temperature in a planetary ball mill (Fritsch Pulverisette 5) using 10 mm steel balls and 
stainless steel containers. The ball-to-powder weight ratio was 20:1 and the ball milling was 
carried out at a rotation speed of 150 rpm. The powders were handled in a glove box chamber 
under argon gas. No surfactant was used in the present study. The mean particle size and 
particle size distribution were measured using a Malvern Instruments Mastersizer 2000 with a 
Hydro 2000S. After ball milling, the agglomerated particles were sieved into different size 
fractions of 100−300 μm (designated as “small agglomerates”) and 300−500 μm (designated 
as “large agglomerates”). Small agglomerates were used for the fabrication of the mono-layer 
(ML) porous structures. For the fabrication of the double-layer (DL) porous structures, both 
small and large agglomerates were utilized.  
To obtain different geometries, as shown in Fig. 1, the agglomerated particles were 
consolidated into hollow tubes with varying diameters. The elemental Ti and blended Ti-
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10Nb-3Mo alloy powders were compacted into cylindrical solid bars (i.e. cores) of 15 mm 
length and different diameters (5, 6 and 7 mm; 0 mm used as a reference for fully porous 
samples) using a uniaxial cold press. Subsequently, the cylindrical solid bars were placed 
inside 10 mm overall diameter tubes comprising of consolidated agglomerates and all parts 
were pressed under a pressure of 500 MPa. Sintering of samples was conducted in a high 
vacuum furnace (10
-6
 bar) at 1150 ˚C for 3 h at a heating/cooling rate of 10 ˚C min-1. The 
fabricated graded porous scaffolds with varying ratios of solid core diameter to porous 
surface layer(s) width are summarized in Table 1.  
Compression tests were performed in triplicate using an Instron 100 kN 8801 machine at a 
constant crosshead speed with an initial strain rate of 10
-3
 s
-1
. The morphology of the powder 
particles and cross section of the green and sintered compacts were characterised by scanning 
electron microscopy combined with secondary electron imaging (SEM–SEI) (Zeiss Supra 
55VP). The distribution of elements within the particles was examined using backscattered 
electron imaging (SEM–BEI). The density was measured via Archimedes' method and the 
total porosity was calculated from the density measurements by using well known 
mathematical equations. In addition, the level of porosity of mono-layer porous structures 
was also measured by quantitative metallographic analysis, using image processing tool box 
from MATLAB software. For each sample, 6 SEM images were taken at the same 
magnification in a random order. 
3. Results and discussion 
3.1. Morphological and microstructural characterization of the agglomerates  
Fig. 2 shows SEM micrographs and backscattered electron images of as-received and 
agglomerated Ti and Ti–10Nb–3Mo powder particles used for the fabrication of the graded 
porous structures. The as-received powders had an irregular shape (Fig. 2 (A1)), while the 
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agglomerated particles were characterized by a quasi-spherical shape, as shown in Fig. 2 
(B1−E1). Powder particles agglomerate by excessive cold welding due to collisions between 
the balls and powder particles during the milling process. This mostly occurs as a result of the 
intrinsic ductility of the particles, and is heavily influenced by the milling conditions [20]. 
Besides the nature of the initial powder particles, the size of the resultant agglomerates is 
associated with the milling time, ball-to-powder weight ratio, rotation speed, and the presence 
or absence of surfactant during milling. The cross-section of the ball-milled Ti-10Nb-3Mo 
agglomerates in Fig. 2 (C2 and E2), show that the solute elements of Nb and Mo (with bright-
contrast areas) become incorporated into the Ti matrix. Prolonged milling can build up, refine 
and homogenize layered composite particles consisting of various combinations of the 
starting ingredients [21]. 
3.2. Characteristics of the graded porous scaffolds 
The green and sintered compacts of mono- and double-layer porous structures are shown in 
Fig. 3. There are two variants of the double-layer scaffolds; one variant (designated as DL-
CSL) consists of small agglomerates in the layer next to the solid core and with large 
agglomerates in the outer layer (Fig. 3 (B1)), while the second variant (designated as DL-
CLS) had the large agglomerate layer next to the solid core and the small agglomerates in the 
outer layer (Fig. 3 (C1)). Typically, the presence of large agglomerates provides a higher 
level of porosity in the structure as large agglomerates have a lower packing density than 
small agglomerates. The agglomerates are strong enough to withstand deformation during 
compaction [21]. As the particle size decreases and the number of particles in each 
agglomerate increases, the agglomerates become stronger and exhibit a lower maximum 
packing density [22]. The level of porosity of mono-layer porous structures was 
approximately 40 % for Ti and 38% for Ti–10Nb–3Mo samples. It should be noted that green 
compacts consisting of agglomerated powders have a bimodal distribution of pores. One type 
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of pore is formed among agglomerates, termed macro-pores, whereas the other type of pore 
exist between primary particles (inside agglomerates) and are termed micro-pores [18]. After 
sintering, the micro-pores between primary particles disappear to a large extent, while the 
pores between agglomerates remain. The macro-pores among the agglomerates are 
considered to be a suitable size to allow bone tissue to grow into the porous structure in an 
implant application, providing an adequate biological fixation.  
3.3. Compressive mechanical properties of graded porous scaffolds  
It is imperative to ensure that the porous scaffolds are capable of providing enough strength 
to withstand biomechanical loading without failure. In this regard, the yield strength, first 
maximum stress value (peak stress) and plateau stress play crucial roles in demonstrating the 
suitability of porous scaffolds for different applications. Fig. 4(a, b) show compressive 
stress–strain (σ–ε) curves of the mono-layer porous structures made of Ti and Ti–10Nb–3Mo 
alloy with various ratios of solid core diameter to porous surface layer width. The stress–
strain curves of the double-layer porous structures of Ti and Ti–10Nb–3Mo alloy are shown 
in Fig. 4(c). All porous scaffolds, mono-layer and double-layer, exhibited stress–strain curves 
typical for metallic foams. At the onset of the crushing region (first maximum stress), 
propagation of cracks through the macro-pores (among agglomerates) and the existing micro-
pores (inside agglomerates) resulted in an abrupt load drop, as indicated in all curves. As was 
anticipated, the yield strength, the peak stress and the plateau stress of the porous scaffolds 
increased with the increase in solid core diameter. The solid core acts as a reinforcement and 
the structure can withstand larger mechanical stress without breaking. 
As shown in Fig. 4 (a, b) the fully porous samples made of Ti and Ti−10Nb−3Mo 
agglomerates showed the lowest mechanical properties compared to their counter parts with 
mono-layer porous structures. Due to the low particle packing characteristics of the green 
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compacts made of agglomerated particles, there are more macro-pores and localized defects 
in the sintered samples fully made of agglomerates, and thus, these structures tend to be 
weaker under compressive stress. Typically, the deformation mode, resulting from repeatable 
failure of the pore layers, produces a very uneven character of the stress–strain curve [23]. 
Despite the low particle packing density of the agglomerated particles [21, 22], that could 
potentially cause catastrophic brittle fractures in the sintered compacts, the stress fluctuations 
in all curves were relatively small and all samples exhibited a defined plateau region. This 
behavior can be attributed to enhanced integrity of cell walls that reduces instances of 
localized fractures. The long plateau regions with nearly constant flow stresses, as seen in the 
stress-strain curves of fully porous samples, are an indication of open cellular morphology 
[23]. 
For a given solid core radius, the compressive yield strengths of the sintered materials made 
from Ti powders are lower than those made from Ti–10Nb–3Mo alloy powders. The reason 
for this lies in the fact that Ti–10Nb–3Mo alloy exhibits higher yield strength (1000 MPa) 
than that of Ti (700 MPa), as previously reported by the same authors [19].  
As seen in Fig. 4(c), the double-layer compacts with the large agglomerate layer next to the 
solid core (DL−CLS) showed higher yield stress, peak stress, and elastic modulus than their 
counterparts with the small agglomerate layer next to the core (DL−CSL). This is likely due 
to differential sintering shrinkage, as smaller agglomerates shrink more and sinter faster than 
larger agglomerates, which therefore will lead to lower porosity on the surface when they are 
in the outer layer. 
It is worth noting that, even though the radial width is the same for each porous layer (i.e. 1.5 
mm), the volume of the internal layer (approx. 389 mm
3
)
 
is lower than that of the outer layer 
(approx. 601 mm
3
). As a result, and given that the presence of large agglomerates provides a 
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higher level of porosity, the double-layer structures with the large agglomerate layer next to 
the solid core and with small agglomerates in the outer layer (DL−CLS) is likely to have a 
lower level of total porosity with respect to the other double –layer sample (DL−CSL), which 
appears to enhance the mechanical strength of the porous scaffold. 
As mentioned earlier, the low elastic modulus of the porous structures is presumably the most 
important property of orthopedic and dental biomaterials. The elastic moduli of the mono- 
and double-layer porous structures are shown in Fig. 5. The lower elastic modulus of the 
sintered compacts with a smaller ratio of solid core diameter to porous surface layer width is 
attributed to the higher level of porosity in these samples. The overall porosity (as opposed to 
the elastic modulus) is decreased with increasing diameter of solid core. The compressive 
strength and elastic modulus of cortical bone ranges from 133 to 295 MPa and from 14.7 to 
34.3 GPa, respectively. The values of compressive strength and elastic modulus of cancellous 
bone are 1.5 to 38 MPa and 0.01 to 1.6 GPa, respectively [24]. According to the obtained 
compressive strengths and elastic moduli presented in Figs. 4 and 5, the graded porous 
scaffolds fabricated from Ti and Ti–10Nb–3Mo agglomerates are promising implant 
materials for cortical bone applications. 
Conclusion 
In summary, this study investigated the fabrication of graded porous structures using large 
and small agglomerated particles of Ti and Ti–10Nb–3Mo alloy. The mechanical properties 
of a series of mono- and double-layer porous scaffolds with different ratios of solid core 
diameter to porous surface layers width were examined. The yield strength, the peak stress 
and the plateau stress of the graded porous scaffolds increased with the increase in solid core 
diameter. For a given ratio of solid core to porous layer, the compressive yield strengths of 
the sintered materials made from Ti powders were lower than those made from Ti–10Nb–
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3Mo alloy powders. In the double-layer structures, the presence of the large agglomerated 
particles next to the solid core showed higher mechanical properties than the small 
agglomerated particles. It is expected that the outer porous layer would provide good 
osteoconduction ability and adequate biological fixation, while the solid core would provide 
the necessary mechanical strength for a device used for the replacement of load bearing 
implants. 
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Fig. 1. Schematic illustration of the cross section of the cylindrical porous scaffolds: (a) 
mono-layer (ML), and (b) double-layer (DL) porous structures.    is the radius of the solid 
core.    and    are the radii of the porous layers. 
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Fig. 2. SEM images (A1) as-received pure Ti, (B1) Ti small agglomerates in the range of 
100−300 µm, (C1) Ti–10Nb–3Mo small agglomerates in the range of 100−300 µm, (D1) Ti 
large agglomerates in the range of 300−500 µm, (E1) Ti–10Nb–3Mo large agglomerates in 
the range of 300−500 µm. The backscattered electron images of the cross section of the 
associated powders/agglomerates are denoted as A2, B2, C2, D2 and E2.  
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Fig. 3. SEM micrographs of the cross section of Ti–10Nb–3Mo green compacts: (A1) ML 
structure; (B1) DL−CSL structure; (C1) DL−CLS structure. The associated SEM 
micrographs of the sintered compacts are denoted as A2, B2 and C2. 
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Fig. 4. Nominal compressive stress–strain curves of mono-layer porous structures made from 
(a) Ti small agglomerates (100−300 μm), and (b) Ti–10Nb–3Mo small agglomerates 
(100−300 μm) with various ratios of solid core to porous surface. (c) Nominal compressive 
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stress–strain curves of double-layer porous structures made from Ti and Ti–10Nb–3Mo 
agglomerates with different particle size distribution.  
 
 
 
 
 
Fig. 5. Elastic modulus of mono- and double-layer porous structures made of Ti and Ti–
10Nb–3Mo agglomerates with different ratios of solid core to porous surface. 
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Table 1. Geometry and dimensions of the fabricated graded porous scaffolds. Symbols   , 
   and    are defined in Fig. 1. “ML” stands for mono-layer porous scaffolds; “DL” stands 
for double-layer porous scaffolds. “CSL” refers to the core-small agglomerates-large 
agglomerates grading sequence, whereas “CLS” refers to the core-large agglomerates-small 
agglomerates grading sequence. 
Porous 
structure 
Sample 
name 
Core First porous layer Second porous layer 
  
Radius 
R0 (mm) 
Radius 
R1 (mm) 
Radial width 
R1-R0 (mm) 
Radius 
R2 (mm) 
Radial width 
R2-R1 (mm) 
 
Mono-layer 
      
 ML−3.5 3.5 5.0 1.5 ─ ─ 
 ML−3.0 3.0 5.0 2.0 ─ ─ 
 ML−2.5 2.5 5.0 2.5 ─ ─ 
 ML−0 0 5.0 5.0 ─ ─ 
Double-layer       
 DL−CSL 2.0 3.5 1,5 5.0 1,5 
 DL−CLS 2.0 3.5 1,5 5.0 1,5 
 
 
 
Highlights 
 Mono- and double-layer porous scaffolds were fabricated using large and small Ti-
based agglomerates  
 Different ratios of solid core diameter to porous surface layer width were examined 
 The graded porous scaffolds exhibited stress–strain curves typical for metallic foams  
 The mechanical strength increased with the increase in solid core diameter 
